A novel impedance immunosensor was developed based on antibodies fixed on interdigitated array microelectrodes (IDAMs) to detect chlorpyrifos residues. Before use, IDAMs were cleaned using the best method among three methods. Anti-chlorpyrifos monoclonal antibodies were oriented on IDAM surfaces by staphylococcal protein A (SPA). SPA was immobilized on the microelectrode surfaces to provide a better interface for biocompatibility and to increase a fixed amount of antibodies. The immobilized antibodies captured target chlorpyrifos and changed the impedance of the IDAM surface. Electrochemical impedance spectroscopy (EIS) was then used to characterize the change. According to the test results, the best volumes and concentrations of SPA, anti-chlorpyrifos antibodies and BSA drops on IDAMs, as well as the volume and pH of the working buffer used in the experiments were determined. Under the optimal conditions, the correlation between impedance signals and the chlorpyrifos concentration of the incubated electrochemical biosensor was studied. To deal with measured data using normalized impedance and analyze the correlation of two concentrations (1 µg/mL and 10 µg/mL) of chlorpyrifos with impedance signals at seven specific frequencies (1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz), the optimal frequency (100 Hz) was selected. The standard curve was drawn after extracting the impedance values under different concentrations of pesticides at the frequency of 100 Hz.
INTRODUCTION
The high toxicity of organophosphorous (OP) pesticides and their cumulative effects in animals cause a great impact on human health [1] [2] [3] . Chlorpyrifos (CP) is a type of OP pesticide widely used against agricultural pests to enhance crop production and has been reported as the second most common pesticide detected in food and water [4] [5] .
Therefore, rapid and sensitive determination of CP pesticides has become increasingly important for human health protection. In recent years, electrochemical impedance sensors have attracted a great deal of interest in antibody-antigen-based sensors [6] [7] [8] because they are a more sensitive approach when compared with conventional amperometric biosensors, which heavily rely on the relative closeness between active sites and electrode surfaces in obtaining signals [9] .
Electrochemical impedance spectroscopy (EIS) is often used as a sensitive technique for analysis of interfacial properties related to bio-recognition events, such as enzyme-catalyzed reaction and biomolecular recognition events of specific binding proteins, antibodies or antibody-related substances occurring at the modified surface [10] .
Most researches on impedimetric biosensors are associated with immune sensors and aptasensors [11] [12] [13] . In these biosensors, antigens bind to antibodies to form immunocomplexes, which attach to electrode surfaces, increasing the resistance of electron transport so as to inhibit electron transfer. Impedimetric biosensors are an enzyme-label-free means for detecting biomolecular recognition signals.
In order to achieve a lower limit of detection (LOD) while using fewer immunosensors, a better choice is to use microelectrodes, rather than macroelectrodes, in parallel with conventional test methods. In comparison with macroelectrodes, for which reactants are more easily depleted, microelectrodes allow for a more sustainable supply of reactants. Microelectrodes require a lower concentration of electroactive ions than macroelectrodes for the purpose of producing double layers [14] [15] [16] [17] . To sum up, microelectrodes help conduct impedance measurement even in a low conductivity solution, whereas macroelectrodes may not be sensitive in this situation.
Interdigitated array microelectrodes (IDAMs) have many promising benefits for electrochemical tests. For instance, IDAMs could establish a new steady-state condition to shorten the detection time and require a low ohmic drop to maximize impedance changes on electrode surfaces, reducing the interference to other analytes in the test solution and improving the signal-to-noise ratio (SNR) [18] [19] [20] . However, IDAMs are expensive and not easy to be fabricated, which require careful cleaning for reuse due to the sags and crests on their surfaces.
In our research, a novel method for sensitive chlorpyrifos residue detection based on IDAMs was proposed. The immunosensor was built using SPA from staphylococcus aureus. Anti-chlorpyrifos monoclonal antibodies were immobilized on the SPA and then used to modify microelectrodes. Chlorpyrifos residues of different concentrations would be arrested by the antibodies, leading to impedance changes on the IDAM surfaces. The changes were depicted by means of EIS. The normalized impedance change (NIC) was required for processing the measured data at the optimal frequency (100 Hz), which was then used to analyze the correlation between the logarithm of chlorpyrifos concentrations (LgC) and the NIC data under specific frequencies. The regression formula for the NIC against the logarithm of the chlorpyrifos concentration from 1 ng/mL to 100 μg/mL could be obtained. It provided theoretical support for subsequent biosensor preparation and pesticide detection.
EXPERIMENTAL AND METHODS

Reagents and materials
Protein A, bovine serum albumin (BSA), anti-chlorpyrifos monoclonal antibodies and chlorpyrifos were all obtained from Sigma-Aldrich (St. Louis, MO, USA). To dissolve anti-chlorpyrifos monoclonal antibodies, phosphate buffered saline (PBS, 10 mM, pH 7.2-7.4) was used as a solution for chlorpyrifos detection, which included 0.1 M KCL and 5 mM [Fe(CN)6] 3−/4− . Reconstitution of BSA and SPA was performed using PBS. The blocking solution was also prepared based on BSA using PBS (1.0%, w/v). Deionized water was prepared in a Milli-Q system (Millipore, 18.2 MΩ•cm), which was then used to produce other required solutions. Furthermore, the other reagents were of analytic grade or higher.
Apparatus and impedance measurement
Gold IDAMs (IME AU-1550.5) were bought from ABtech Scientific Inc. (Richmond, VA, USA), each of which possessed 50 digital pairs with a digit length of 4985 μm, a digital width of 15 μm and an interdigital space of 15 μm. The total area for the electrodes was 14.88 mm 2 . Figure 1A shows an IDAM.
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Figure 1. Interdigitated array microelectrode
Compared with conventional electrodes, IDAMs have a higher mass transfer rate, smaller double-layer charging current (Ic) and lower time constant (RC) [21, 22] . Impedance measurements were performed using an IM-6 impedance analyzer (BAS, West Lafayette, IN, USA) with IM-6/THALES software. One pole of the IDAM was connected to both the test and sense probes and the other pole was connected to both the reference and counter electrodes of the IM-6 impedance analyzer. All impedance measurements were conducted in the presence of 5 mM [Fe(CN)6] 3−/4− (1:1) and 0.1 M KCL mixture in 0.1 M PBS (pH 7.4), which were used as a redox probe. The tested frequency range from 1 Hz to 1 MHz with an amplitude of 5 mV was selected, and Bode (impedance and phase vs frequency) and Nyquist (imaginary impedance vs real impedance) diagrams were recorded.
Biosensor fabrication and pesticide detection
The entire experiment involves electrode cleaning, SPA immobilization, antibody fixation, BSA blocking and pesticide antigen detection.
Electrode cleaning
Three cleaning methods were used to deal with a bare electrode, and the best method was selected. In method 1 (M1), IDAMs were cleaned using acetone (CH3COCH3), alcohol (C2H5OH) and deionized water, and then dried using nitrogen [23] . In method 2 (M2), IDAMs were cleaned by 0.1 M sodium hydroxide (NaOH) for 15 min, 0.1 M hydrochloric acid (HCl) for 15 min, acetone for 5 min and deionized water, and then dried by nitrogen [24] . In method 3 (M3), according to the reference literature [25] with slight modification, IDAMs were immersed in 1 M NaOH for 15 min, washed by deionized water, immersed in 1 M HCl for 15 min, washed by deionized water, and then gently cleaned with lens paper containing alcohol for 5 min. After the final wash, the electrodes were dried with a stream of nitrogen. Then, the IDAMs were ready for surface modification and antibody immobilization.
Subsequently, the microelectrodes were observed using a microscope (40 x 40) to seek for unknown features, spoiled microelectrodes or abnormal objects ( Fig. 1B-b ). If unknown features were not found ( Fig. 1B-a) , impedance could be measured for the microelectrodes with 5 mM [Fe(CN)6] 3−/4− (1:1) and 0.1 M KCL mixture in 0.1 M PBS (pH 7.4). This impedance value was compared with the previous one measured for bare electrodes. New antibodies could be applied on the microelectrodes if the values were similar, or another cleaning step would be performed if the values were different.
Note that the microelectrodes could be reused after a cleaning procedure as above.
Electrode surface immobilization and fixation
The cleaned IDAMs were incubated for 50 min with 30 μL of SPA solution (10 μg/mL) under 22-25°C. Subsequently, they were washed to eliminate non-combined SPA by deionized water, dried by streams of nitrogen and then incubated for 1 h at 4°C with 30 μL antibodies (100 μg/mL). After that, the IDAMs were incubated for another 1 h with 30 μL of 5% BSA under 4°C. Following another round of rinsing and drying, the IDAMs were prepared to be ready for detection. Scheme 1 illustrates the immunosensor preparation process. Scheme 1. The process of assembling electrochemical immune sensors
RESULTS AND DISCUSSION
Determination of the best IDAM electrode cleaning method
By measuring the Faradaic impedance with a redox probe like [Fe(CN)6] 3−/4− [26, 27] , the impedance biosensor obtained its basic transduction characteristics. As biolayers formed on electrode surfaces, [Fe(CN)6] 3−/4− no longer performed electron transfer, increasing resistance to electron transfer. To detect surface-altered electrode features, a significantly effective approach was to use EIS [28] .
Since the IDAM surface was full of sags and crests and the gold layer was so thin that it was not easy to clean but prone to damage. This experiment optimized the cleaning methods not to damage the electrode structure while retaining the best cleaning effect. Three different cleaning programs (mentioned in 2.3.1) were implemented to investigate the cleaning effects by comparing the impedance with each other (Fig. 2 and 3) . Excessive low resistance existed on the surface of a bare IDAM (curve a of Fig. 2 and 3) . When the electrode surface was applied with SPA (curve b of Fig. 2) , or with SPA, antibody and BSA (curve b of Fig. 3 ), the resistance was greatly higher than that measured for a bare IDAM. That was because SPA, antibody and BSA were macromolecules possessing bioactive but no conductive characteristics. The resistance increase of the SPA/IDAM surface was due to direct adsorption of SPA, which was according to Van der Waals force. Then, anti-chlorpyrifos monoclonal antibodies were fixed on the surface of the sensor because of the affinity of SPA to antibodies' Fc [29, 30] . In this case, the Fab binding sites of the antibodies were directed away from the SPA-changed solid support, so that immobilization of these antibodies achieved excellent immune reaction. Consequently, the blocking solution of BSA was used for the purpose of inhibiting non-target surface sites and reducing adsorption of non-targets.
When M1 (curve c of Fig. 2 ) and M2 (curve d of Fig. 2 ) were used to deal with the SPA/IDAM, the results showed that M2 was better than M1. Curve c and curve d in Fig. 2 indicated that M2 could remove SPA from the electrode but M1 could not. Similarly, when M2 (curve c of Fig. 3 ) and M3 (curve d of Fig. 3 ) were used to deal with the SPA/IDAM, the results indicated that M3 was better than M2. Curve c and curve d in Fig. 3 demonstrated that M3 could remove SPA from the electrode while M2 could not.
In brief, the best IDAM cleaning method was M3, which was described in 2.3.1.
Determination of the best concentration and amount of SPA
SPA served as the interface between IDAMs and antibodies immobilized on the IDAM surfaces, and its concentration and dropping amount had an influence on the quantity of the modified antibodies. If the concentration was too low, the electrode surface would be incompletely modified, and the gold IDAM would directly contact with the antibody so that the gold layer would affect the antibody activity. If the concentration of SPA was too high, excess SPA would make itself easy to fall from the IDAM surface, and some antibodies in contact with SPA would fall off from the surface, resulting in constant or reduced electron transfer resistance in EIS. Therefore, this experiment optimized the concentration and quantity of SPA. According to the reference [23] , the concentration of SPA was 100 µg/mL. This experiment adopted three gradient concentrations of SPA (1, 10 and 100 µg/mL). According to the IDAM area, 30 µL of SPA could completely cover the electrode, and therefore 30 µL was the optimum amount. Fig. 4 showed the EIS results obtained from a bare IDAM (curve a), 1 µg/mL SPA/IDAM (curve b), 10 µg/mL SPA/IDAM (curve c) and 100 µg/mL SPA/IDAM (curve d) using the redox probe [Fe(CN)6] 3−/4− . Fig. 5 showed the EIS results obtained from a bare IDAM (curve a), 100 µg/mL SPA/IDAM (curve b) and antibody/SPA/IDAM (curve c) using [Fe(CN)6] 3−/4− . Fig. 4 revealed that the impedance increased remarkably (curves a, b, c and d) with the increasing concentration of SPA. In contrast, Fig. 5 showed that too much SPA (100 µg/mL) made it fall off from the electrode easily. Some of the antibodies in contact with SPA fell off from the electrode surface and even caused unmodified antibodies, leading to constant or reduced electron transfer resistance in EIS. The best concentration of SPA chosen in this experiment was therefore 10 µg/mL.
Determination of the optimal frequency in impedance spectroscopy for chlorpyrifos detection
BSA/antibody/SPA/IDAMs without chlorpyrifos were all utilized in this study as the control. To check the influence of impedance measurement on different types of pesticides, the magnitude of impedance with and without chlorpyrifos was compared. The normalized impedance change (NIC) values were given in following formula:
In this formula, Zcontrol and Zsample represent the degree of impedance for the control and chlorpyrifos samples, respectively.
The frequencies for the EIS tests ranged from 1 Hz to 1 MHz. In actual applications, 1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz and 100 kHz were chosen.
The impedance values of seven frequencies with or without chlorpyrifos at the two concentrations were used to calculate the electrode impedance changes before and after incubation and NIC, and the results were shown in Table 1 , where ID stands for impedance difference.
The difference was indicated by the NIC, as illustrated in Table 1 . The value increased from 19.43% (1 µg/mL) and 50.53% (10 µg/mL) to 26.08% and 79.76% when the frequency changed from 1 Hz to 100 Hz. Then, the values decreased from 26.08% (1 µg/mL) and 79.76% (10 µg/mL) to 1.54% and 2.02% when the frequency changed from 100 Hz to 1 MHz. Therefore, the best frequency was chosen as 100 Hz. 
Impedance measurement and extraction of the regression equation
According to Fig. 6 , the regression equation was y = 132.62x + 733.1 with R 2 = 0.9946, indicating the linearity between the NIC values at 100 Hz and the logarithm of the chlorpyrifos concentration (LgC, LgC = x) ranging from 1 ng/mL to 100 μg/mL. The lowest LOD for this biosensor was 1 ng/mL. Figure 6 . The regression equation between the chlorpyrifos concentration and the impedance on the electrode Table 2 showed the performance of the BSA/anti-chlorpyrifos/SPA/IDAM sensor compared with other reported immunosensors for the detection of chlorpyrifos in recent years. As shown in Table 2 , compared with other methods, the immunosensor developed in this study had a relative large linear range and lower detection limit, indicating that the proposed sensor is reliable for the determination of chlorpyrifos pesticides. More importantly, the preparation process of this sensor was simple, the use of the IDAM electrodes reduced the consumption of biochemical reagents, and the application of the normalized impedance method provided possibility of using portable signal detection devices connected to them. 
CONCLUSION
In this work, an innovative impedance biosensor was developed for direct measurement of impedance aiming for chlorpyrifos detection. This biosensor was based on antibodies immobilized on new IDAM surfaces with the help of SPA modification. IDAMs were cleaned with different methods, and the best cleaning method was selected to adapt to the thin gold layer of the IDAM electrode. Polyclonal antibodies against chlorpyrifos were directed to the surface based on SPA. Following antibody fixation, BSA was employed to block non-specific binding sites. The best volumes and concentrations of SPA (30 μL and 10 μg/mL), anti-chlorpyrifos antibody (30 μL and 100 μg/mL) and BSA drops (30 μL and 5 mg/mL) on IDAMs, and the volume and pH of the working buffer (50 μL and 7.5) were determined. Using the normalized impedance method to deal with the measured data and analyze the correlation between two different concentrations of chlorpyrifos at seven specific frequencies (1 Hz, 10 Hz, 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz) and impedance signals, the optimal frequency (100 Hz) was selected. It provided theoretical support for subsequent preparation of biosensors and detection of pesticides.
However, in our work, there were only three concentration gradients of SPA selected to modify the electrodes and two concentrations of chlorpyrifos selected to incubate the electrodes. In our future research, more concentration gradients would be added.
